In social insects, group behaviour can increase disease resistance among nest-mates and generate social prophylaxis. Stomodeal trophallaxis, or mutual feeding through regurgitation, may boost colony-level immunocompetence. We provide evidence for increased trophallactic behaviour among immunized workers of the carpenter ant Camponotus pennsylvanicus, which, together with increased antimicrobial activity of the regurgitate droplet, help explain the improved survival of droplet recipient ants relative to controls following an immune challenge. We have identified a protein related to cathepsin D, a lysosomal protease, as a potential contributor to the antimicrobial activity. The combined behavioural and immunological responses to infection in these ants probably represent an effective mechanism underlying the social facilitation of disease resistance, which could potentially produce socially mediated colonywide prophylaxis. The externalization and sharing of an individual's immune responses via trophallaxis could be an important component of social immunity, allowing insect colonies to thrive under high pathogenic pressures.
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INTRODUCTION
Social insects, because they exploit microbe-rich environments and live in densely populated colonies of highly related individuals, are especially susceptible to infection and rapid disease transmission [1] . These insects have evolved a variety of adaptations to cope with pathogenic pressures, including behavioural, biochemical and immunological responses [2, 3] . While individual immune responses involve cellular immunity and the humoral production of effector molecules, group behaviour in social insects can also prevent infection and disease transmission [4, 5] and achieve adaptive social immunity [6] .
The social facilitation of disease resistance in termites and ants [7, 8] was attributed to the transfer of immune factors or elicitors from exposed individuals to naive nest-mates during grooming or mutual feeding, resulting in social prophylaxis. The mechanisms underlying this phenomenon were not determined, however. We investigated one mechanism through which the transfer of immune factors could occur. Stomodeal trophallaxis, i.e. the sharing of liquid nutrients through mutual feeding, is common in social insects. Nutrients stored in the crop, or 'social stomach', are transferred throughout a colony during trophallaxis [9] , along with hydrocarbons important in nest-mate recognition [10] . In this study, we examine the effects of an immune challenge on trophallactic behaviour, the antimicrobial activity of the regurgitate droplet and disease resistance in the ant Camponotus pennsylvanicus. This species exhibits frequent trophallaxis and lacks a metapleural gland [11] , an important source of antimicrobial compounds in most ants [3] . We propose that the externalization and sharing of an individual's immunological factors through behavioural responses to infection are important in achieving social immunity in insects.
MATERIAL AND METHODS
(a) Ant maintenance and injection treatments Mature colonies of C. pennsylvanicus were collected from Billerica and Newton, MA, in August 2008 and 2009 and maintained in the laboratory using standard methods [9] . Purified lipopolysaccharide (LPS, Sigma), an immunogenic component of Gram-negative bacteria [12] , and Serratia marcescens, a Gramnegative entomopathogen [1] , were used to stimulate immune responses. Serratia marcescens grown in tryptic soy broth to 10 8 cells ml 21 were washed and diluted in sterile Ringer solution, and 1 ml aliquots were heat-killed in boiling water for 10 min. For behavioural, antimicrobial and protein analyses, median workers were randomly divided into four treatments: (i) naive: cold-immobilized only; (ii) Ringer: injected with sterile Ringer solution; (iii) immunized: injected with 10 8 cells ml 21 of heat-killed S. marcescens; and (iv) LPS: injected with 5 mg ml 21 of LPS in sterile Ringer. Workers were injected with 0.5 ml according to treatment as described by de Souza et al. [13] . Ants used for behavioural observations were immediately isolated, while ants used for antimicrobial activity and protein analyses were placed in respective treatment groups of 30. All ants were provided with 10 per cent sucrose. (c) Antimicrobial activity and protein analyses Two days post-treatment, light pressure was applied to the gaster, and 1 ml of the resulting regurgitate per ant was used for antimicrobial activity and protein analyses (electronic supplementary material, Note 1 and figure S1). A zone-of-inhibition assay adapted from Moret & Schmid-Hempel [12] was used to measure relative antimicrobial activity of droplets. Samples from four colonies were diluted in 1 ml of sodium cacodilate/CaCl 2 . Samples from naive (n ¼ 37), Ringer (n ¼ 38), immunized (n ¼ 30) and LPS ants (n ¼ 40) were analysed using tryptic soy agar plates (5% agar) seeded with 10 5 cells ml 21 of Arthrobacter VS10. SDS-PAGE of droplets from each treatment was performed using standard methods (Bio-Rad). An enhanced protein (approx. 35 kD) in samples from immunized and LPS-injected ants was selected as a possible antibacterial protein, and was blotted onto polyvinylidene difluoride membranes (Bio-Rad) and N-terminally sequenced at the Tufts University Core Facility, Boston, MA.
(d) In vivo survivorship
To test whether trophallaxis plays a role in social prophylaxis, 45 workers per replicate (two replicates per colony) from seven colonies were colour coded as donors (n ¼ 30) and recipients (n ¼ 15) of trophallactic exchanges. Donors were fed food and water while recipients received water only for 3 days to promote trophallactic exchanges. Subsequently, donor ants were separated into Ringer and immunized treatments as described. Five hungry recipients were placed with 10 normally fed donor nest-mates in dishes lined with moist filter paper, and allowed to interact for 3 days without food to induce trophallaxis. All ants were then pricked between the second and third tergites with sterile pulled capillaries dipped in active 5 Â 10 3 cells ml 21 of S. marcescens, separated into groups according to treatment and donor/recipient and then provided food and water ad libitum. Survival of all ants (n ¼ 495) was tracked for 21 days postchallenge. Dead ants were surface-sterilized and placed on tryptic soy agar to confirm death by S. marcescens (red bacterial growth).
(e) Statistical analysis Data were analysed in SPSS 17. Behavioural and antimicrobial data were angular and logarithmically transformed, respectively, to improve normality, then fitted to general linear mixed models (treatment ¼ fixed effect, colony ¼ random effect), followed by Tukey's HSD for multiple comparisons. Trophallactic donor frequencies were analysed with a x 2 -test. In vivo data were tested with a Cox proportional regression.
RESULTS (a) Trophallactic behaviour
The frequency of trophallaxis differed significantly among dyad treatments ( (c) In vivo survivorship Ants receiving regurgitate droplets from immunized nest-mates exhibited the highest survival following a challenge relative to all other treatments. After controlling for the effect of colony of origin, which was a significant and independent predictor of worker mortality (Wald ¼ 39.2, d.f. ¼ 6, p , 0.001) , the relative hazard ratios of death were 2.1 (for the control donor treatment, Wald figure S6 ). Greater than 99 per cent of dead ants confirmed for infection by S. marcescens.
DISCUSSION
In immune-challenged C. pennsylvanicus, increased trophallactic behaviour is coupled with increased antimicrobial activity of the donated regurgitate droplet. Although a similar induction of trophallactic exchanges was reported in Camponotus fellah [13] , no connection between trophallaxis and the social spread of disease resistance was tested.
Collectively, our results strongly support the hypothesis that trophallaxis in C. pennsylvanicus is one mechanism by which social immunization and enhancement of disease resistance at the colony level may be achieved. Individual-level immune responses (i.e. upregulated effector molecules) can be externalized and redistributed throughout a colony via social interactions, thus reducing disease transmission and widespread infection. Unlike previous studies describing social immunity [5] , we show the sharing of a physiological immune response among individuals facilitating enhanced disease resistance. Trophallactic exchanges from reproductives and/or workers to brood may also contribute to trans-generational immune priming in social insects [15] . Few studies have investigated the externalization of such immune factors in social insects [4] . Bulmer et al. [16] suggested that effector molecules incorporated in termite nest material may break down pathogens, releasing elicitors that prime colony immune defences. Similarly, the transfer of immune factors during stomodeal or proctodeal trophallaxis may be critical in coping with disease across the social insects (R. B. Rosengaus 2010, unpublished data).
The nature and mode of action of the immuneelicitors and/or antibacterial factors being transferred remain unclear. It is possible that increased antimicrobial activity may break down pathogens, releasing immune elicitors that could then be transported from the gut lumen to the haemolymph upon ingestion, priming the recipient's systemic innate immunity, an occurrence reported in insects and mammals [17, 18] . Constitutive antimicrobial factors in the crop probably prevent microbial growth in the stored nutrients. The upregulation of such factors during an immune response could avert further growth of pathogens, reducing the risk of disease transmission during trophallaxis. The enhanced protein in C. pennsylvanicus is related to cathepsin D, a lysosomal aspartic protease involved in a range of functions in insects and vertebrates [19] [20] [21] that can exhibit antibacterial effector activity [22] and the proteolytic production of antimicrobial peptides. This protein could potentially be important in immune defences in C. pennsylvanicus by any one of these mechanisms. Current research testing whether cathepsin D contributes to the antibacterial activity observed in this study is underway.
Research focusing on the processes of molecular immune defences within the ecological contexts of ants and other social insects is vital to understanding the mechanisms and evolution of social insect immune responses [2, 3] . This study indicates a link between behavioural interactions and molecular defences that have important implications for social immunity. Our results suggest an additional and novel role for trophallaxis in facilitating social prophylaxis and ultimately reducing colony-wide disease susceptibility.
Social insects are remarkably successful and ecologically dominant taxa in spite of the intense pathogenic pressures they encounter [1, 2] . The evolutionary linkage between behavioural and immunological protection against disease could result in colony-wide immune competence, and may have contributed greatly to the success of social insects.
